Abstract-The application of graphene as a saturable absorber (SA) for generating Q-switched and mode-locked pulses in a Zirconia-Erbium-doped fiber (Zr-EDF) laser is explored. Graphene-based SAs have a very wide operational range, which complements the extended operational bandwidth of the Zr-EDF. The Zr-EDF has an erbium concentration of about 4320 ppm, with absorption rates of 22.0 and 58.0 dB/m at 987 and 1550 nm. The system is capable of generating Q-switched pulses with pulsewidths and energies of 4.6 μs and 16.8 nJ, respectively, as well as peak powers of 3.6 mW at a repetition rate of 50.1 kHz. The Zr-EDF laser can also generate mode-locked pulses with pulsewidths, average output powers, pulse energies, and peak powers of 730 fs, 1.6 mW, 23.1 pJ, and 31.6 W, respectively, at a repetition rate of 69.3 MHz. Both the Q-switched and mode-locked output pulses are highly stable, allowing for their application in a multitude of real-world applications.
I. INTRODUCTION

C
OMPACT, ultrafast fiber lasers have recently become the focus of substantial research efforts due to their significant applications in a multitude of research fields such as communications, metrology, manufacturing and material processing as well as medicine and health [1] - [4] . Ultrafast fibers are usually mode-locked or Q-switched, and enabled by active modulation techniques [5] - [7] . While these systems are able to generate the desired ultrafast pulses, they are typically complex and costly, and thus, not particularly suited for deployment in compact systems or high-density networks. In this regard, passively modelocked and Q-switched fiber lasers are seen as a viable alternative toward actively modulated systems, with high potential for practical, real-world applications. Passively modulated fiber lasers can be achieved by techniques such as the nonpolarization rotation technique [8] and semiconductor saturable absorber mirrors (SESAMs) [9] , [10] . However, these approaches can be difficult to implement, requiring fine adjustments to the cavity design, or incurring varying degrees of cost and complexity, thereby limiting their usage. Recently however, graphene has emerged as a practical, highly cost-effective and easily fabricated solution toward generating ultrafast pulses in fiber lasers [11] - [15] . Used as a saturable absorber (SA), a single atomic layer of graphene can generate the desired Q-switched or mode-locked pulses without complexity and costs, such as those incurred by SESAMs. Furthermore, graphene-based SAs possess impressive optical characteristics such as ultrafast recovery times and a very wide operational wavelength range, due to the gapless behavior of the graphene atomic layer [11] , [12] , giving them a significant advantage over other techniques used for passive modulation in fiber lasers.
In order to create a compact pulsed fiber laser, the graphenebased SA can be combined with an active fiber laser that is short in length but with a high active ion dopant concentration. The erbium-doped fiber (EDF) has long been the dominant means in the development of fiber laser and amplifiers, but short, highly doped EDFs cannot be realized due to the detrimental effects of cluster formation and concentration quenching in silica-based EDFs [16] , [17] . Specialty fibers, such as bismuth-erbium-doped fibers (Bi-EDFs) are able to overcome this limitation, allowing for high erbium ion concentrations to be realized, but instead suffer from problems such as difficulties in splicing and incompatibility with conventional, silica fibers. In this regard, Zirconia has recently come to light as a viable dopant material for increasing the Erbium ion concentration in fibers without the effects of clustering and concentration quenching, while at the same time maintaining the integrity and compatibility of conventional silica fibers [18] . Zirconia-Erbium codoped fibers (Zr-EDFs), or Zr 2 O 3 -Al 2 O 3 -Er 2 O 3 fibers also possess a slightly wider emission and absorption bandwidth than conventional EDFs, thus, complementing the gapless bandwidth of the graphene layer.
In this study, the application of graphene as an SA is examined in the development of Q-switched and mode-locked fiber lasers using the Zr-EDF as the active gain medium. The Zr-EDF used has an erbium ion concentration of 4320 ppm, with absorption rates of about 22.0 and 58.0 dB/m at 987 and 1550 nm, respectively. The Q-switched Zr-EDF laser with the graphene SA is capable of generating pulses at a repetition rate of 50.1 kHz with pulsewidths, pulse energies and pulse peak powers of 4.6 μs, 16.8 nJ, and 3.6 mW, respectively. When operated in the modelocking regime, the Zr-EDF laser is capable of generating pulses at an average output power of 1.6 mW and pulsewidth of 730 fs, as well as a pulse energy of 23.1 pJ, and a peak power of 31.6 W. The repetition rate of the pulses is approximately 69.3 MHz, corresponding to a pulse spacing of around 14.5 ns in the pulse train. The generated pulses are observed to be quite stable, giving them a high potential for real-world applications requiring compact, pulsed fiber lasers.
II. FABRICATION OF THE Zr-EDF
The Zr-EDF is fabricated in the same manner as a conventional EDF using the modified chemical vapor deposition technique. A silica tube is prepared before-hand, and mounted on a glass lathe. SiCL 4 and P 2 O 5 vapors are then passed through the silica tube as it is externally heated to between 1350 and 1400
• C so as to deposit a porous phospho-silica layer on the inner surface of the tube. The tube then undergoes the solution doping process, where glass modifiers in the form of the complex ions ZrOCl 2 .8H 2 O, YCl 3 .6H 2 O, and AlCl 3 .6H 2 O are added, along with the active ions in the form of ErCl 3 .6H 2 in an alcohol:water solution at a ratio of 1:5. Quantities of Y 2 O 3 and P 2 O 5 is also added at this stage to act as nucleating agents, which are necessary to increase the phase-separation of the Er 2 O 3 rich microcrystallites present in the core of the fiber, while small amounts of MgO and CaO are added to prevent rapid structural changes that can degrade the mechanical integrity of the fiber. Once the solution doping process has been completed, the obtained preform is annealed at 1100
• C, and subsequently, heated to over 2000
• C to collapse the fiber into a glass rod, which is then drawn. In the final step of the fabrication process, the drawn fiber is coated with a protective polymer buffer. The detailed fabrication process of the Zr-EDF has been reported in [19] and [20] .
Morphological characterization of the fabricated Zr-EDF is done using a field-emission gun scanning electron microscopy (FEGSEM) as well as a conventional microscope. Observation of the fabricated Zr-EDF under standard magnification, using the microscope shows a typical fiber with a very distinct core, less than 10 μm in diameter, surrounded by a cladding of approximately 125 μm in diameter. Further observation using the FEGSEM provides ZrO 2 crystalline microstructures, which also contain the Er 2 O 3 dopants to be easily observed. The microscopic view of the fiber is shown in Fig. 1(a) , while the image of the Zr-EDF captured by the FEGSEM is shown in Fig. 1(b) .
The dopant levels within the Zr-EDF are obtained using electron probe microanalysis (EPMA), which gives an Er 2 O 3 dopant level of 0.225 mol% or about 4320 ppm. Spectral analysis of the fiber indicates spectral attenuation at 980 and 1550 nm, as is to be expected due to the presence of erbium ions in the glass host, as well as a fluorescence life-time of 10.86 ms. The peak absorption of the fiber is measured to be 22.0 dB/m at 987 nm, and about 58.0 dB/m at 1550 nm. The chromatic dispersion value of the Zr-EDF is determined to be + 28.45 ps.nm −1 km −1 [18] . 
III. FABRICATION OF THE GRAPHENE SA
The graphene-based SA used in this study is formed from graphene flakes that are adhered to the face of an optical fiber ferrule through the optical deposition technique. The graphene is obtained from Graphene Research Ltd. in the form of graphene flakes, suspended in an N-methylpyrrolidone solution. The graphene flakes have an average particle size of 550 nm, with an average flake thickness of 0.35 nm.
In order to form the graphene SA, the graphene layer must first be deposited onto the face of a fiber ferrule. A patchcord, with FC/PC terminations is prepared and designated as FP1. The creation of the graphene layer is done using the optical deposition process, using the setup as shown in Fig. 2 .
The optical deposition system consists of a 1550-nm laser source, which is connected to Port 1 of an optical circulator (OC). One end of FP1 is connected to Port 2 of the OC, while the other end is left bare; it is on this end that the graphene layer will be deposited on. Port 3 of the OC is connected to an optical power meter, which is used to measure the reflected power from the graphene layer during the deposition process. To deposit the graphene layer, the unconnected end of FP1 is immersed in the aqueous solution containing the graphene flakes. The 1550-nm laser is activated, at a power of 11 dBm and allowed to transmit for approximately 3 min. This will cause a thick graphene layer to deposit onto the surface of the ferrule as an effect of optical thermophoresis [21] . After 3 min, the laser is deactivated and the immersed ferrule, now with the attached graphene layer is carefully removed from the solution. Subsequently, this ferrule is now connected to one end of another FC/PC terminated patchcord using an adaptor, and the 1550-nm laser is activated, at the same power level for 3 min. FP2 is then removed and cleaned, before being reconnected and the process repeated in cycles of 3 min. During this time, the reflected power is measured using the OPM, and once the reflected power is measured to be about 4.1% of the transmitted power, the process is stopped. The reflection of 4.1% arises from the reflection of the graphene layer at ∼0.1% [12] and Fresnel reflection, from the unconnected ferrule of FP2 at ∼4.0%.
The deposited graphene layer is examined by Renishaw InVia Raman spectrometer, at 532 nm (2.33 eV) over a 10-s period and a grating value of 1800 lines/mm. The incident power and the depth of field are set at 5 mW and 1 μm, respectively. The charge coupled device (CCD) used together with the Raman spectrometer has a 100x objective lens and numerical aperture of 0.8, giving a spot size of 0.5 μm. The Raman spectrum of the deposited graphene is shown in Fig. 3 , which exhibits the two intensity peaks at 1597 and 2684 cm −1 . The peak at 1597 cm −1 corresponds closely to the expected G peak for graphene, which is usually at 1580 cm −1 . Similarly, the intense peak at 2684 cm −1 corresponds to the 2-D peak for graphene, which is typically at 2700 cm −1 [22] , [23] , indicating the desired graphene layer is present on the face of the fiber ferrule. Furthermore, the ratio of G to 2-D does not exceed 1, thus, indicating that a nearly single layer of graphene has been deposited, about two or three layers, whereas a multiple layers of graphene will result in a G to 2-D ratio of more than 1.
The spot image of the graphene layer, which complements the Raman spectra obtained, is shown in Fig. 4(a) , while the inspection of the graphene layer on the face of the fiber ferrule is shown in Fig. 4(b) .
The ferrule of FP1, which has the deposited graphene multilayer on its surface, is now connected to an FC/PC patchcord using an adaptor to form the SA assembly. The application of the SA in generating Q-switched and mode-locked pulses is detailed in the following sections.
IV. GENERATION OF Q-SWITCHED PULSES IN THE Zr-EDF
LASER WITH A GRAPHENE-BASED SA Q-switching allows for the development of pulsed fiber lasers with short pulsewidths and high pulse energies. Q-switched fiber lasers are typically employed where ultrafast pulses are not necessary, or where longer pulses would be more advantageous, such as in medical applications, range finding, and sensing [24] - [27] . Graphene-based SAs can be used in combination with highly doped Zr-EDFs to realize a compact Q-switched fiber laser, with pulsewidths of 4.6 μs and repetition rates of up to 50 kHz. Fig. 5 shows the setup of a passively Q-switched Zr-EDF laser with a graphene-based SA. A 2-m long Zr-EDF is used as the active gain medium for the ring fiber laser, and is pumped by a 980-nm laser diode (LD) with a maximum operating power of approximately 100 mW. The 980-nm LD is configured to pump the Zr-EDF in a forward-pumping scheme, and is connected to the 980-nm port of a 980/1550 nm wavelength division multiplexer (WDM). The common output of the WDM is connected one end of the Zr-EDF. The other end of the Zr-EDF is connected to an optical isolator, which is used to force signal propagation in the clockwise direction only. The output of the isolator is in turn connected to a polarization controller (PC), which serves to control the polarization state of the propagating signal so as to optimize the signal output level. The PC is connected to a 90:10 fused coupler, with the 90% port connected to the SA assembly, which is responsible for generating the Q-switched pulses. Finally, the output of the SA is connected to the 1550-nm port of the WDM, thus completing the ring cavity. The 10% port of the fused coupler is used to extract a portion of the oscillating signal for analysis, and is connected to a Yokogawa AQ6317 optical spectrum analyzer (OSA) with a resolution of 0.02 nm for spectral measurements. For the purpose of analyzing the pulse train characteristics of the laser's output, a LeCroy 352A oscilloscope together with an optoelectronic (OE) converter is used in place of the OSA.
The optical spectrum of the Q-switched pulses obtained from the Zr-EDF laser, operating at a pump power of about 100 mW, is shown in Fig. 6(a) . The output spectrum is obtained using the OSA, and shows a wide laser bandwidth, spanning from 1559.2 to 1562.7 nm at a power of −40 dBm. This gives the generated laser spectrum a bandwidth of approximately 3.5 nm, which can be attributed to multimode oscillations and cavity perturbations [28] . The laser peak is at 1560.8 nm, with a peak power of about −3.1 dBm and a linewidth of about 0.04 nm at −20 dBm. Fig. 6(b) shows the train of laser pulses obtained from the Q-switched Zr-EDF laser, using the OE converter and oscilloscope. Operating at the same pump power of 100 mW, a pulse train with a repetition rate of 50.1 kHz is obtained. The intensity of the peaks is almost constant at 15 mV, indicating that the output of the laser is adequately stable. Fig. 7 shows the average output power against the pump power of the graphene-based Q-switched Zr-EDF laser. It can be seen that above a pump power of more than 50 mW, the average output power of the fiber laser responds almost linearly to the increase in the pump power, with an increments of about 0.15 mW for every 10 mW rise in pump power. The maximum average output power is approximately 0.9 mW, which is obtained at the highest pump power of 100 mW, while extrapolating the linear response of the laser gives a lasing threshold at about 48 mW. The Q-switching threshold is determined to be at 56 mW.
The pulse repetition rate and pulsewidth of the Q-switched Zr-EDF laser for different pump powers is shown in Fig. 8 . The repetition rate is observed to increase almost linearly with the pump power, from 21.3 kHz at a pump power of 56 mW, to a maximum repetition rate of 50.1 kHz at 100 mW, with increasing between 3 and 7 kHz for every additional 10 mW of pump power. It is expected that higher repetition rates can be obtained with higher pump powers; however, this work is limited by a maximum available pump power of 100 mW. The pulsewidth responds inversely to the pump power, as expected, decreasing from 11.1 to 4.6 μs as the pump power increases from 56 to 100 mW. The pulse energy and pulse peak power of the Zr-EDF's laser output is shown in Fig. 9 . The pulse energy rises steeply from 5.6 to 13.4 nJ as the pump power changes from ∼56 to ∼74 mW. Above a pump power of 74 mW, however, the increase in the pump power becomes slower, rising from 15.3 nJ at a pump power of 84 mW to only 16.8 nJ at the highest pump power of 100 mW.
In the case of the peak power, it is observed to increase linearly with the pump power, from a minimum value of 0.5 mW and a maximum value of 3.6 mW as the pump power is changed from 56 to 100 mW. This gives an increment rate of about 0.6 mW in the peak power of the system for every 10 mW increase in the pump power.
V. GENERATION OF MODE-LOCKED PULSES IN THE Zr-EDF
LASER WITH A GRAPHENE-BASED SA Mode locked fiber lasers are able to generate ultrafast pulses of less than 1 ps, making them highly desirable for communications applications [11] . A passively mode-locked Zr-EDF laser with a graphene-based SA can be realized by slightly modifying the setup as shown in Fig. 5 , whereby an 8-m long single mode fiber (SMF) is inserted in between the SA and the 1550-nm port of the WDM. This changes the GVD of the cavity. The Zr-EDF has a dispersion coefficient of +28.45 ps.nm −1 .km −1 , giving the cavity a GVD coefficient of −36.86 ps 2 /km. On the other hand, the dispersion coefficient of the SMF-28 is +17 ps.nm −1 .km −1 , Fig. 10 . Optical spectrum of the Zr-EDF mode-locked fiber laser at a pump power of 100 mW. giving a GVD coefficient of −22.02 ps 2 .km. With the addition of the 8-m long SMF, the total GVD for the entire cavity is now −0.294 ps 2 , taking into account the remaining SMF lengths in the cavity as well as the GVD of the Zr-EDF. This puts the cavity in the anomalous dispersion region, and allows the laser to operate in a soliton mode-locking regime. The optical spectrum and pulse train of the generated pulses are analyzed by an OSA and an OE converter together with an oscilloscope. For the additional measurement of the mode-locked time characteristics, an Alnair HAC-200 autocorrelator is used, while the spectrum of the output pulses in frequency domain is measured using an Anritsu MS2683A radio frequency spectrum analyzer (RFSA).
Soliton mode-locking behavior is observed in the Zr-EDF laser at a threshold pump power of 90 mW. As such, all subsequent measurements are taken at a pump power of 100 mW. Fig. 10 shows the optical spectrum of the mode-locked pulses, which spans from 1545 to 1580 nm with a 3-dB bandwidth of 3.6 nm at a central wavelength at 1563 nm. Multiple Kelly's sidebands are also observed, confirming that the system is operating in the soliton regime. No crease patterns or continuous wave (CW) lasing peaks are observed at the midpoint or at any other part of the output spectrum, further confirming that the laser is operating in the mode-locking regime. This is highly desirable, as the presence of CW components will affect the stability of the mode-locked pulses [29] . The formation of the Kelly's sidebands is attributed to the periodical perturbation of the intracavity [30] , which confirms the attainment of the anomalous dispersion, soliton-like mode locking operation. At this power, the mode-locked pulses have an average output power of 1.6 mW, with a pulse energy of 23.1 pJ and peak power of 31.6 W. The repetition rate is 69.3 MHz, corresponding to a pulse spacing of around 14.5 ns in the pulse train. Fig. 11 shows the second harmonic generation autocorrelation trace, with estimated pulse duration of 730 fs at the full-width half maximum (FWHM) point. The autocorrelation trace shows that the experimentally obtained values augur well with the theoretical sech 2 fitting, with no pulse breaking or pulse pair generation. A time-bandwidth product of 0.32 is obtained from the product 3 dB bandwidth of 3.6 nm (or 0.44 THz) and the pulse FWHM. The obtained value is slightly higher than the expected transform limit of 0.315. Fig. 12 shows the mode-locked laser spectrum in the frequency domain, obtained from the RFSA. The output pulse is observed over a 1-GHz-span radio frequency (RF) spectrum, and is seen to be highly stable, with no Q-switching perturbations. This is deduced from the evenly spaced frequency interval in the RF spectrum that is free from spectral modulation [31] . It can also be seen that the laser has achieved CW mode locking laser oscillation, due to the absence of low-repetition-rate modulations in the output pulse train that result in relaxation oscillations [32] , [33] . The RF repetition rate of the pulse is approximately 69.3 MHz, auguring well with the measurements obtained from the oscilloscope. Fig. 13 shows the fundamental harmonic frequency of the mode-locked laser output at 69.3 MHz as measured with an 80-kHz frequency span and a resolution of 300 Hz. The measured RF spectrum indicates that the mode-locked laser output works in its fundamental regime, with the estimated peak-to-pedestal ratio being about 37 dB.
The generated pulses are stable and consistent, thus, giving the Zr-EDF laser a multitude of uses as either a Q-switched or mode-locked laser for practical applications.
VI. CONCLUSION
The application of graphene-based SAs in Q-switched and mode-locked Zr-EDF lasers is detailed. The Zr-EDF lasers are based on a 2-m long Zr-EDF with an active ion concentration of approximately 4320 ppm and has an absorption rate of 22.0 dB/m at 978 nm as well as 58.0 dB/m at 1550 nm. The graphene SA is fabricated by optical deposition of graphene flakes onto a fiber ferrule, which is then sandwiched against another fiber ferrule to form the SA. The Zr-EDF laser has a lasing threshold of 48 mW, and a Q-switching threshold of 56 mW. Q-switched pulses with a pulsewidth of 4.6 μs and a pulse energy and pulse peak power of 16.8 nJ and 3.6 mW, respectively. The repetition rate of the Q-switched pulses is approximately 50.1 kHz. When operating in the mode-locking regime, the Zr-EDF laser has a mode-locking threshold of 90 mW, with the generated pulses having an average output power, pulse energy and peak power of approximately 1.6 mW, 23.1 pJ, and 31.6 W, respectively, as well as a pulsewidth of 730 fs. The repetition rate of the pulses is 69.3 MHz, corresponding to a channel spacing of 14.5 ns in the pulse train. The generated pulses are stable and consistent, and allow them to be confidently deployed in multiple practical applications.
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